Introduction {#sec0005}
============

The treatment of choice for young active symptomatic patients who present anterior cruciate ligament (ACL) injuries is reconstruction. This factor is the determinant for obtaining better results after returning to sports practice.[@bib0140]

The graft fixation method used in the reconstruction is what determines the stability in the immediate postoperative period. The majority of surgical failures occur during the initial months and the fixation site is the most vulnerable point.[@bib0145]

When grafts from knee flexors are used, it is common for the femoral fixation to be transverse or suspended, and for the tibial fixation to use interference screws. Transverse and suspended fixations are more resistant than interference screws.[@bib0150], [@bib0155], [@bib0160]

In addition to the implant, the bone quality is also a determining factor for the fixation.[@bib0165], [@bib0170]

Femoral fixation has greater resistance than tibial fixation because of two factors: femoral spongy bone has greater density than the tibial bone and the fixation used in the femur presents higher resistance than that of the tibia.[@bib0170], [@bib0175]

We did not find any studies in the literature that assessed the possibility of compensating for tibial bone fragility with the better mechanical quality of transverse fixations, as usually used in the femur. Most biomechanical tests have evaluated the tibial or femoral fixation separately, and few have evaluated the femur-ligament-tibia complex.[@bib0180], [@bib0185], [@bib0190], [@bib0195]

The objective of this study was to ascertain whether transverse tibial fixation using a femoral screw presents any biomechanical advantages over transverse femoral fixation using a tibial screw, in an animal model.

Material and methods {#sec0010}
====================

This study was approved by the local ethics committee, under the number 064/09.

Twenty-eight fresh bovine digital extensor tendons were acquired. These were dissected and divided into two, in order to form pairs and simulate the flexor tendons of the human knee.[@bib0200]

The extremities of each tendon were sutured using Ethibond™ Polyester 2 surgical thread (Johnson & Johnson, Piscataway, NJ, USA).

After the suturing, an alginate impression was acquired using Jeltrade type II with normal setting (Dentsply, York, PA, USA). The tendon was immersed in this paste, which developed a rubbery consistency after a few seconds, thus forming a mold.

At this point, the tendon was removed from the alginate and this mold was sectioned transversally into blocks of 10 mm in thickness.[@bib0205], [@bib0210]

The sections generated from the alginate mold were digitized at a resolution of 600 dpi using the HP J5780^®^ digitizer. The cross-sectional areas of the molds were measured by means of the Image-Pro Plus^®^ software.

The thinnest cross-section of each of the extremities of the tendon was selected in order to calculate the area. Since the pairs of tendons were folded in the middle to form quadruple grafts, the four smallest areas of each of the extremities of the tendons were summed.

After the impressions of the area had been made, the tendons were placed side by side with their respective pair. The pairs were folded in the middle, thus forming the quadruple graft. The quadruple grafts were solidified using polyester thread (Ethibond™ Polyester2) at the proximal extremity ([Fig. 1](#fig0005){ref-type="fig"}).[@bib0210]

Twenty-eight knee specimens from pigs of the Large White breed were dissected.[@bib0215] Fourteen of these specimens were then subjected to reconstruction using transverse fixation in the femur and a screw in the tibia (standard group) and the other fourteen were reconstructed using a screw in the femur and transverse fixation in the tibia (inverted group), as shown in [Fig. 2](#fig0010){ref-type="fig"}.

Metal interference screws of 9 mm in diameter and 30 mm in length were used. The transverse implant consisted of a pin made of polylactic acid (Rigidfix Cross Pin System, DePuyMitek, Raynham, MA, USA).

The entire process of acquiring the tendon and knee models and performing the mechanical tests was carried out within a 24-hour period, so that there would not be any need to freeze the material, which might have changed its elastic modulus and consequently the results. The samples were all kept under refrigeration, on ice, inside plastic bags containing a small quantity of 0.9% physiological serum, so that the samples would not dry out while they awaited mechanical testing.[@bib0220], [@bib0225]

The knees were placed on a specific surgical table, in the 90° position.[@bib0210]

In both the standard and the inverted group, the tibial tunnel position was determined using a conventional guide configured at 55°. All the tunnels were drilled with a diameter of 9 mm.

In the standard group, the femoral tunnel was constructed using a transtibial guide with an offset of 7 mm. After the drilling, the guide was placed in a U-shape (DePuyMitek, Raynham, MA, USA) in the femur in order to prepare for passing the fixation pins through. The graft was passed from the tibia to the femur. Firstly, proximal fixation using the transverse pins was performed and then fixation in the tibia using a screw.[@bib0210], [@bib0230], [@bib0235]

In the inverted group, the femoral tunnel was constructed using an outside-in guide (Phusis, Grenoble, France).[@bib0240] After the tunnels had been drilled, the U-shaped guide was positioned in the tibia in order to prepare for introduction of the implant. The graft was passed from the femur to the tibia. Firstly, the transverse fixation in the tibia was performed and then the femoral fixation.

For both the standard and the inverted group, a standardized graft length of 30 mm was used in the intra-articular portion.

Ten control tests with an intact ACL were also performed.

A metal device for positioning the knees in the test machine was developed. The device ensured the alignment and an angle of 30° between the femur and the tibia during the tests. This positioning aimed to simulate a critical condition for the ACL ([Fig. 3](#fig0015){ref-type="fig"}).[@bib0245], [@bib0250]

Stabilization was achieved through fixation of the diaphysis of the bone structure in the device using a nut and bolt ([Fig. 4](#fig0020){ref-type="fig"}).

The groups were subjected to traction tests in the MTS 810 universal test machine (Material Test System Corporation, Minneapolis, MN, USA), with a load cell of capacity 10 kg/N (newtons).

The traction test conditions comprised pretensioning of 10 N and a velocity of 20 mm/min, until the tendon ruptured.

The following variables were determined: maximum force (MF); maximum force without failure (MFWF), which was obtained as the load supported by the material until the first significant change to the curve of load versus displacement; tension (T); tension at the elastic limit (TEL), i.e. the point at which the tendon started to undergo definitive plastic deformation; and stiffness (k).

The results from the tests comprised values for load versus displacement. From this curve, the maximum forces and their limits without failure were determined.

From the MF and MFWF values and the cross-sectional area of the ligaments, the tension and the tension at the elastic limit were determined through direct ratios between the variables of force and area.

The stiffness of the femur-ligament-tibia system was determined by means of the secant method.

For the statistical analysis, nonparametric Kaplan--Meier reliability analysis and the log-rank test were used. The latter compared the curves in order to estimate p values. The analyses were performed using the R 3.0.2 software.

Results {#sec0015}
=======

The results found for the standard group are described in [Table 1](#tbl0005){ref-type="table"}. The mean maximum force was 528 N, while the maximum force without detecting failure was 352 N.

The results found for the inverted group are described in [Table 2](#tbl0010){ref-type="table"} and the maximum force without detecting failure was 330 N.

Failures relating to the surgical procedure or to the coupling of the model to the test system were considered to be operational failures. We had one case in each group operated in which the femur became cracked at the time of fixing the diaphysis to the test device. Another four failures occurred in the inverted group, through breakage of the implant during tibial fixation. There were no operational failures in the control group.

The results from the control group are reported in [Table 3](#tbl0015){ref-type="table"}.

To compare the results, the Kaplan--Meier survival test was applied to MF, MFWF, T and TEL.

In the survival test using the FM data, with a cutoff point of approximately 450 N, the survival rate in the standard group was 69% and in the inverted group, 67% (*p* \> 0.05).

For MFWF, with a cutoff point of approximately 350 N, the survival rate in the standard group was 46% and in the inverted group, 33% (*p* \> 0.05).

At the loads of 450 N for MF and 350 N for FMWF, the control group presented survival of 100%, which was statistically significant in comparison with either of the other two groups (*p* \< 0.05).

In the tension analysis, a cutoff point of approximately 10 MPa (megapascals), the survival rate was found to be 69% in the standard group and 67% in the inverted group (*p* \> 0.05).

For TEL, at a cutoff point of approximately 7 MPa, the survival rate was 62% in the standard group and 22% in the inverted group. This result was statistically significant (*p* \< 0.05).

Discussion {#sec0020}
==========

The traction test was performed through gradually applying a deformational force to the sample, until it ruptured. The force was applied to the long axis of the test body. The test machine measured the instantaneous load applied and the displacement. The test body was stretched at a constant rate by the equipment. These traction tests were destructive tests.[@bib0210]

The number of operational failures in the inverted group (five) was greater than the number in the standard group (one). There was one case of failure of the fixation in the traction machine in each group. The surgical failures occurred in the inverted group. This occurred because the guide for transverse tibial fixation had been adapted from the one used for the femur. These adaptations do not have the same level of reproducibility as seen with specific materials. The guides for implantation of the pins in the tibia became unstable, which led to breakage of the implant at the time when it was introduced.

The rupturing of the grafts in the standard group occurred at the screw. In the inverted group, there were two cases of failure of the transverse fixation. This shows that the screw had greater mechanical fragility than did the transverse fixation.

Regarding the two cases of failure of the transverse fixation in the inverted group, three hypotheses can be envisaged. One is that the screw in the outside-in positioning had greater resistance in the traction plane tested, since it was tested at a divergent angle. The second is that the bone quality of the spongy bone of the femur increased the resistance of the fixation. Lastly, the fact that the guide for fixation of the transverse tibial implant had been adapted may have been the decisive factor for these two failures.

Transverse fixation is used in the femur for technical reasons, to avoid the difficulties of placing a screw in the femur and its complications. This screw is introduced through the medial portal and crosses the intercondylar region. It often has to be placed in a tunnel at an angle that differs from that of the entry portal of the implant.[@bib0255], [@bib0260] Transverse fixation and suspended fixation make femoral fixation a simpler surgical step.

Despite presenting greater resistance than that of screws, both transverse fixation and suspended fixation have their disadvantages. Their high mechanical resistance is only reached if a loop of quadruple tendon is used. At the other extremity, their use is limited. In these fixations, caution is required in relation to the diameter of the tunnel, since tunnels that are very wide may diminish the mechanical resistance and graft-bone contact.[@bib0265]

In the outside-in technique, the femoral screw is introduced through a lateral access into the femur, which takes away many complicating factors from femoral fixation with a screw.[@bib0240]

An association between the technical ease of fixing the femur using an outside-in screw and the mechanical advantage of transverse tibial fixation, in order to compensate for the low quality of the spongy bone, seems to be promising. The present study did not show this possible mechanical advantage in animal models.

Survival tests are ideal for comparing mechanical analyses on surgical techniques.[@bib0210] They show the degree to which a given procedure can be trusted, for the different loads applied. No statistical differences were found in relation to the MF, MFWF or T data. However, in relation to the TEL data, the standard group presented greater survival. This shows that in addition to the lack of advantage in using transverse fixation in the tibia, this method may signify diminished capacity to withstand the tension. One hypothesis for explaining this result lies in the use of guides adapted from the femoral region for the tibial region.

Despite the negative finding in relation to TEL, there have been clinical studies showing that use of transverse tibial fixation is safe.[@bib0270] Good results from mechanical tests on transverse tibial fixation can also be found in the literature. However, no previous studies have tested the femur-ligament-tibia complex; rather, they only evaluated the tibial region. Another important point is that we did not find any studies that had evaluated T or TEL in relation to transverse tibial fixation.[@bib0195]

Conclusion {#sec0025}
==========

There is no biomechanical advantage from transverse tibial fixation using a femoral screw, in comparison with transverse femoral fixation using a tibial screw, as observed in tests on an animal model for ACL reconstruction. There is the possibility that the group with transverse tibial fixation has lower capacity to withstand tension.
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###### 

Standard group: transverse femoral pin and tibial interference screw.

           MFWF (N)   MF (N)   *A* (mm^2^)   *T* (N)   TEL (N)   *k* (N/mm)   Failure site        
  -------- ---------- -------- ------------- --------- --------- ------------ -------------- ---- ---
  Median   350        528      46            11        8         43           0              13   1
  Mean     352        528      48            11        8         43                               
  SD       108        96       10            3         3         15                               

MF, maximum force; MFWF, maximum force without failure; T, tension; TEL, tension at elastic limit; k, stiffness; SD, standard deviation; N, newtons; A, area.

###### 

Inverted group: femoral interference screw and transverse tibial pin.

           MFWF (N)   MF (N)   *A* (mm^2^)   *T* (N)   TEL (N)   *k* (N/mm)   Failure site       
  -------- ---------- -------- ------------- --------- --------- ------------ -------------- --- ---
  Median   280        496      46            10        6         45           2              7   5
  Mean     330        511      49            11        6         47                              
  SD       109        117      11            1         2         14                              

MF, maximum force; MFWF, maximum force without failure; T, tension; TEL, tension at elastic limit; k, stiffness; SD, standard deviation; N, newtons; A, area.

###### 

Control group.

           MFWF (N)   MF (N)   Failure site       
  -------- ---------- -------- -------------- --- ---
  Median   755        1032     8              1   1
  Mean     780        986                         
  SD       108        129                         

MF, maximum force; MFWF, maximum force without failure; SD, standard deviation; N, newtons.
